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Abstract 
Surrey Space Centre (SSC) has been working on an autonomous fixed-wing all-electric vertical take-off and 
landing (VTOL) aerobot for the exploration of Mars for several years. The current design is a novel “Y-4” 
configured tilt-rotor, comprising two large fixed co-axial lift rotors embedded in a blended wing/body, with a pair of 
smaller tractor tilt-rotors mounted just forward of the wing. Thus, there are 4 rotors configured in a “Y” shape. 
During take-off and landing, all four rotors operate in the vertical direction, with the bulk of the lifting force being 
provided by the thrust of the co-axial lift rotors. During transition to horizontal flight, the pair of tilt-rotors rotate to 
the horizontal position and the co-axial rotors are slowed as the wings begin to provide aerodynamic lift. Once 
sufficient speed has been built up, these rotors are stopped, and a set of clam-shell doors close to enclose them to 
provide a smooth lifting surface over the body. Thus, in forward flight, only the pair of tractor tilt-rotors operate, 
thereby considerably reducing the electrical power demands of the aircraft compared to, for example, a conventional 
quad-copter or helicopter design. The baseline mission of the aerobot is to investigate the Isidis Planitia region on 
Mars over a month-long period using optical sensors during flight and a surface science package when landed. 
During flight operations the aerobot will take off and land vertically, transitioning to and from horizontal flight. The 
flight time is around an hour, with the flights taking place close to local noon to maximize the power production of 
the wing/body mounted solar cells. A nonlinear six degree of freedom (6DoF) dynamic model incorporating 
aerodynamic models of the aerobot's body and rotors has been developed to model the vertical, transition, and 
horizontal phases of flight. A nonlinear State-Dependent Riccati Equation (SDRE) controller has been developed for 
each of these flight phases. The nonlinear dynamic model was transformed into a pseudo-linear form based on the 
states and implemented in the SDRE controller. During transition flight the aerobot is over actuated and the weighted 
least squares (WLS) method is used for allocation of control effectors. Simulations of the aerobot flying in different 
configurations were performed to verify the performance of the SDRE controllers, including hover, transition, 
horizontal flight, altitude changes, and landing scenarios. Results from the simulations show the SDRE controller is a 
viable option for controlling this novel Martian Aerobot. 
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Nomenclature 
A   Rotor Area 
CL   Coeff of Lift 
CT   Coeff of Thrust 
L   Lift 
L  Length 
Re   Reynolds Number 
S   Wing Area 
T   Thrust 
Vtip   Velocity at Rotor Tip 
   Angle of Attack 
   Dymanic Viscosity 
  Kinematic Viscosity 
Tilt  Rotor Tilt Angle 
 
 
 
 
 
 
 
 
Acronyms/Abbreviations 
AoA Angle of Attack 
CoM Centre of Mass 
DoF Degree of Freedom 
GNSS Global Navigation Satellite System 
IMU Inertial Measurement Unit 
JPL Jet Propulsion Laboratory 
LQR Linear Quadratic Regulator 
MAV Micro Air Vehicle  
MAVEN Mars Atmospheric and Volatile 
Evolution 
MSL Mar Science Laboratory 
NASA National Aeronautics and Space 
Administration 
PID Proportional Integral Derivative 
SDRE State-Dependent Riccati Equation 
SSC  Surrey Space Centre 
TGO Trace Gas Orbiter (ExoMars 2016) 
UAV Unmanned Air Vehicle 
VTOL Vertical Take-Off and Landing 
WLS Weighted Least Squares 
Y4TR “Y”(configured) 4 Tilt-Rotor 
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1. Introduction 
 
1.1 Motivation and Overview  
There are several rover and satellite missions 
currently operating on or around Mars. The Mars 
Science Laboratory (MSL) mission with its Curiosity 
rover, National Aeronautics and Space Administration’s 
(NASA) most recent and largest rover to land on Mars, 
has been conducting experiments and snapping pictures 
since 2012 to study Mars’ habitability [1]. Recent Mars 
missions include NASA’s Mars Atmospheric and 
Volatile Evolution (MAVEN) [2] and India’s Mars 
Orbiter Mission (MOM) [3], both of which are currently 
in orbit and are conducting their primary missions.  
MAVEN is investigating Mars’ upper atmosphere, 
ionosphere, and its interactions with the Sun and solar 
wind, and MOM is exploring the planet’s surface 
features, morphology, mineralogy and atmosphere.  
The European Space Agency (ESA) recently 
launched its ExoMars Trace Gas Orbiter (TGO) and 
Schiaparelli Mission – the first of two planned ExoMars 
missions – consisting of a satellite, and entry, descent, 
and landing demonstrator module (Schiaparelli) [4]. The 
TGO is working well, however, unfortunately 
Schiaparelli was lost during descent and landing.  
The second ExoMars mission, designed to 
investigate the Martian environment and to demonstrate 
new technologies, will carry a rover, and is scheduled to 
launch in 2020, and NASA plans on sending another 
Curiosity sized rover to Mars in 2020 to continue 
seeking signs of past life on Mars. 
Mars orbiters have the advantage of being able to 
observe large areas, but only from a distance, which 
limits their spatial resolution. A lander has a physical 
presence on Mars, but is limited in the extent of its 
exploration due to its static nature. Rovers have both the 
physical presence and manoeuvrability to explore 
further, but their range is still rather small. For example, 
NASA’s Opportunity rover has travelled further than 
any other off-Earth wheeled vehicle, but still has only 
logged just over 42km. The key limiting factors are the 
nature of the terrain (which is uneven and rocky) and 
the requirement to be controlled from Earth, which, 
given the immense distances involved, involves large 
delays. Signals from Earth can take between 4 and 24 
minutes to reach Mars, with the same delay for the 
return signal. As a result, rover speeds typically average 
~1 cm s
-1.  
To increase our exploration capability on Mars a 
new, wider ranging, vehicle platform, such as an 
aerobot (by which we mean an autonomous/semi-
autonomous unpopulated Air Vehicle – UAV), is 
needed. An aerobot would have the capability to 
observe large areas, and if capable of repeated take-off 
and landing, could make direct measurements on the 
planet’s surface at multiple landing sites.  
An aerobot also allows the previously unexplored 
middle layer of the Martian atmosphere to be studied. 
Many different aerobot platforms have been 
proposed to explore Mars, ranging from high speed 
rocket propelled aircraft to small multi-rotor systems 
deployed from mother rovers, and the focus of the 
previous research has been on platform design and 
mission concepts. However, as of 2017, no vehicle has 
actually flown on Mars. Several factors contribute to 
their absence as an exploration platform, including cost, 
scientific return, and the engineering challenges that 
must be overcome for a successful flying mission on 
Mars.  
One of the driving factors for Martian aerobot 
design is the choice of propulsion system. Common 
propulsion choices for proposed Martian aerobots 
include combustion engine systems, rocket systems, and 
electric systems [5]. 
A thorough investigation of Martian aerobots can be 
found in [7] and [8].  
Based on their findings Martian aerobots can be 
separated into four main platform configurations: 
• fixed-wing aircraft; 
• rotary-wing aircraft; 
• lighter-than-air vehicles; 
• hybrid aircraft. 
They concluded that a hybrid aircraft platform with 
an all-electric propulsion system was not only a viable 
platform for Martian exploration, but possibly the best 
choice for a Martian aerobot because the platform 
combines the benefits of both fixed-wing and rotary-
wing aircraft. Electric motors were chosen for 
propulsion because of their reliability and the capability 
to conduct multiple flights on Mars. 
 
1.2 Challenges of Flight on Mars 
Whilst Mars is the planet most similar to Earth in 
our solar system, its environment is substantially 
different to that of Earth. Table 1 highlights several of 
the major differences relevant to flight on Mars.  
Mars’ gravity is almost one third of that on Earth 
making it easier to fly on Mars as the lift force required 
to counteract the aerobot’s weight is less. However, this 
is countered by the fact that Mars’ atmospheric 
parameters make it much more difficult to generate the 
lift forces required for flight. As shown in Equations 1 
and 2 both the lift generated by wings and the thrust 
generated by spinning rotors are directly proportional to 
atmospheric density.  
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Therefore, it is almost one hundred times more 
difficult to generate lift from a wing and thrust from a 
rotor on Mars than it is on Earth. To counteract this, 
larger wings and rotor areas, which raise overall mass, 
can be used or the aircraft’s velocity and rotor speed can 
be increased, causing more drag. However, it is 
desirable to keep rotor tip velocities out of transonic and 
supersonic regions, which limits the rotor tip velocity. 
Table 1: Comparison of Earth and Mars 
 
The transonic regime is a region where a mixture of 
both subsonic and supersonic airflow occurs and large 
areas of separation are likely. With the complex mixture 
of flows in this regime rotor performance becomes more 
difficult to accurately model. The speed of sound on 
Mars is less than on Earth and therefore rotors cannot 
spin as fast to produce thrust.  
Since the Martian atmosphere is primarily made up 
of CO2 its dynamic viscosity is higher than that on 
Earth, substantially lowering the Reynolds numbers for 
flying vehicles on Mars. The dimensionless Reynolds 
number is the ratio of inertial to viscous forces as shown 
in Equation 3. 
 
Most large aircraft on Earth have high Reynolds 
numbers and the inertial forces dominate. However, on 
Mars this is not the case. The kinematic viscosity, , on 
Mars is over six hundred times greater than on Earth, 
and this lowers Reynolds numbers on Mars by the same 
factor. For comparison, aircraft flying in this Reynolds 
number regime on Earth include small Unmanned 
Aerial Vehicles (UAV) and Micro Air Vehicles (MAV). 
Mars’ atmospheric conditions make it a challenging 
environment for flying. However, it is not an impossible 
task – there are just more stringent design constraints 
for a Martian aerobot. 
Other issues include the dusty nature of the surface, 
which is problematic for mechanisms, and will coat the 
surfaces of the aircraft, reducing aerodynamic 
efficiency, and in the case of a solar powered aircraft, 
will reduce the power available.  
There is weather on Mars, including extreme winds 
and dust storms, which could seriously damage or even 
destroy any aircraft. Any aerobot mission must therefore 
be targeted at regions on Mars, where the seasonal and 
diurnal winds are likely to be light, and the probability 
of dust storms low. Based on calculated predictions 
from the Mars Climate Database, this means the aerobot 
should operate during the late Spring or early Summer, 
close to the Equator. 
Mars is a very cold planet. Conditions will be 
warmest in the summer time, close to the Equator, with 
the daily temperature cycle reaching its maximum in the 
afternoon, and a minimum just before dawn. For our 
favoured location (Isidis Planitia), the typical daily 
temperature ranges from 188K at 6am local Martian 
time, to 241K at 4pm local Martian time. A “day” on 
Mars (called a Sol) is 24.65 hours – very similar to that 
on Earth.  
The low atmospheric pressure on Mars (around 780-
800Pa at our favoured location at 1m altitude and ~710-
730Pa at 1km altitude) results in challenges to the 
thermal design of the vehicle (heat transfer by 
convection is largely ineffective), and also poses 
challenges for lubrication.  
The ionising radiation environment can also be a 
challenge as there is little protection agains cosmic-rays 
and solar particles by the thin atmosphere and there is 
no planetary scale magnetic field, as there is on Earth.   
 
1.3 Previous SSC Martian Aerobot Designs 
Surrey Space Centre (SSC) has been working of 
Martian aerobot design concepts since 2001. The 
fundamental idea has been to combine the vertical take-
off and landing (VTOL) capabilities of a helicopter, 
with the long range and efficient flight characteristics of 
a high aspect-ratio “flying wing” – hence essentially all 
the designs have revolved around a blended wing/body 
with an embedded lift rotor for vertical take-off and 
landing, with some form of rotor-based forward 
propulsion for horizontal flight. The vehicle would need 
to be fully autonomous in flight (no pilot control being 
possible from Earth due to the inherent communication 
delays), and it must be self-powered using solar 
energy/re-chargeable batteries – hence all-electric. It 
must also be capable of carrying a useful science 
payload for investigating the Martian environment, both 
in-flight, and also when landed and in contact with the 
ground.  
Unlike for some Mars aerobot proposals, the SSC 
aerobot must be capable of several take-off and 
landings, so that multiple sites can be investigated – i.e. 
68th International Astronautical Congress (IAC), Adelaide, Australia, 25-29 September 2017.  
Copyright ©2017 by the International Astronautical Federation (IAF). All rights reserved. 
IAC-17-A3.3A.10                           Page 4 of 11 
we wanted to combine the in-situ investigation 
capabilities of landers and rovers, with the wide-ranging 
exploration capabilities of an airborne platform. 
This concept was originally investigated in the 
MASSIVA aerobot study [6] and [9], which introduced 
the idea of an all-electric embedded rotor VTOL flying 
wing, and which established that such an aerobot could 
be a feasible proposition for flight on Mars (Fig.1). 
 
Fig. 1: MASSIVA Concept (Fielding, 2004) [6] 
The aerodynamics and control of this type of vehicle 
were significantly revised and refined in the Halcyon 
aerobot study [7] and [10], which introduced the central 
coaxial lift rotor arrangement (Fig. 2).  
 
Fig. 2: Halcyon (Song, 2008) [7]                   
(background image credit: NASA) 
This study established the basic size, performance 
and systems technology of an all-electric VTOL flying 
wing, based on commercial-off-the-shelf (COTS) 
products. It also identified a prime target region on Mars 
suited to investigation with such a vehicle: Isidis 
Planitia – a large flat region that overlies the boundary 
between the Mars’ ancient highlands and its northern 
plains, and a region also selected for the United 
Kingdom’s ill-fated Beagle 2 lander [12]. 
Isidis Planitia is an ideal operating region for the 
aerobot for several reasons, both scientifically and from 
an engineering perspective. The plain is large and fairly 
circular with a low latitude and low elevation (thus 
maximising atmospheric density). Since it is situated 
close to Mars’ equator, centred about 12.9o N, the solar 
radiation will hit the aerobot’s wing mounted solar cells 
at a high incidence angle, allowing more power to be 
generated than at higher latitudes. The region is also 
relatively flat on the inner portions of the plain where 
the aerobot is planned to fly, and this will aid with 
navigating and finding safe landing sites for the aerobot 
throughout its mission.  
Fig. 3 shows the region in terms of altitude above 
Mars’ topographic datum (equivalent to mean sea level 
on Earth), and the planned mission flight path.   
 
Fig. 3: Isidis Planitia Landing Site and Mission 
Path Relative to Other Mars Landing Sites [13] 
 
Isidis Planitia is interesting scientifically. It is the 
third largest impact crater on Mars, and it is thought to 
have contained non-acidic water (possibly favourable 
for life) at one time making it an excellent candidate to 
search for life pre-cursors (should they exist) on Mars 
[14]. The geology is relatively young, and there are 
interesting sediments, which appear to have been laid 
down in water [15]. 
Whilst the Halcyon design was a major step forward, 
this particular design suffered a number of stability 
issues, which would have required careful dynamic 
control of the centre of mass of the vehicle through the 
different flight regimes (i.e. vertical to horizontal flight 
transition and back).  
These problems were addressed in the third design 
study: Hyperion (Fig. 4).  
 
Fig. 4: Hyperion (Zhao, 2013) [8] 
This introduced the idea of using a large coaxial tilt-
rotor embedded in the wing, to provide propulsion for 
both vertical and horizontal flight [8].  
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Auxiliary lift rotors would be embedded in each 
wing-tip to aid control and to increase vertical lift. This 
configuration avoided the awkward requirement to shift 
mass during flight. Other than that, the overall systems 
design was kept the same, with the focus of the study 
being on the robust control of such a hybrid vehicle 
[11].  
Each of these designs had shortcomings and in 
particular, it was recognised that further study of the 
transition from the vertical to horizontal flight phases 
would be needed, as this was both critical to mission 
success and also the least understood phase of the Mars 
aerobot’s flying operations. None-the-less, this work 
had established the basic parameters and requirements 
of the vehicle: 
• The aerobot must fit within a 4.5m diameter 
aeroshell, capable of being taken to Mars. 
• The aerobot must be able to deploy upon 
landing (i.e. unfold its wings). 
• The aerobot must be able to carry at least a 3kg 
scientific payload capable of conducting surface 
and atmospheric investigations on Mars.  
These criteria essentially set the size and mass of the 
vehicle to a maximum wing-span of ~10m and a total 
mass of ~25kg. Other requirements included: 
• The aerobot must be capable of autonomously 
conducting multiple VTOL and horizontal 
flights across a 1000km distance over a month 
long period – the distance being based on the 
size of the Isidis Planitia impact basin 
(~1500km across), and the time being set partly 
by the speed of the aerobot (~50ms
-1
) and partly 
by the period of the Martian year when we may 
expect relatively calm weather in the Isidis 
Planitia region.   
• The aerobot’s flight endurance must be greater 
than one hour during horizontal flight using 
only solar power (so that reasonable distance 
can be covered in a single flight i.e. >100km). 
 
2. The Hyperion II Mars VTOL Aerobot Design 
 
2.1  Design Study Objectives 
The fourth design study, Hyperion II, which is the 
main subject of this paper, entailed a thorough re-
examination of these previous designs, so that an update 
could be made of the aerobot systems design based on 
the lessons learned from these previous studies.  
The key objectives of the new study were to: 
• Update the configuration and systems design. 
• Derive a detailed non-linear six degree-of-
freedom (6DoF) model that can be used to 
simulate the aerobot during the vertical, 
transition, and horizontal phases of flight in 
order to verify the control strategy. 
• Design a control strategy for the Martian tilt-
rotor aerobot viable for the vertical, transition, 
and horizontal phases of flight. 
• Verify the performance of the control strategy 
through simulation of various mission flight 
scenarios. 
Underlying these objectives was the desire to 
understand how the harsh Martian environment and 
subsequent vehicle design choices affect the flight 
concept of operations for a Martian tilt-rotor aerobot. 
This work, detailed in [16], resulted in the retention 
of a tilt-rotor design, but the adoption of a new 
configuration – one where the embedded coaxial lift 
rotors are now fixed and the use of two smaller tractor 
tilt-rotors to provide both for the transition from vertical 
to horizontal flight, and to provide the thrust needed for 
horizontal flight – the lift rotor being enclosed in the 
wing during this phase of the flight. This “Y” shaped 
configuration, coupled with the use of four rotors (2 
coaxial, 2 tilt), led to the configuration being termed a 
“Y-4” Tilt Rotor (Y4TR).  
 
2.2  General Layout and Storage 
System modelling showed that the vehicle mass 
would be 25kg (including the 3kg science payload), and 
from this, aerodynamic modelling was used to establish 
the planform and overall size of the vehicle. The form is 
a blended wing/body design, where the body contributes 
slightly to the overall lift in horizontal flight. 
Fig. 5 shows the layout of the aerobot with the rotor 
covers removed to reveal the embedded coaxial lift 
rotor. The two tractor tilt rotors are shown in the vertical 
lift position. The blue tiles represent solar cells. 
 
Fig. 5: Hyperion II “Y4TR” Mars VTOL Aerobot 
 
To improve aerodynamic efficiency, Hyperion II 
would enclose its lift rotors during horizontal flight. 
One possible configuration of the hinged covers (placed 
on the top and bottom surface of the body) is shown in 
Fig. 6 however, detailed analysis of this structure 
remains to be done. 
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Fig. 6: Hyperion II Vertical Flight Mode 
Fig. 7 shows the aircraft in horizontal flight mode 
with the covers closed. Note, we propose to use a simple 
fixed under-carriage to minimise the need for more 
mechanisms, which will be problematic in the dusty 
atmosphere of Mars. 
 
Fig. 7: Hyperion II Horizontal Flight Mode 
 
Fig. 8: Dimensions of the Proposed Hyperion II Aerobot 
As with the previous SSC designs, Hyperion II is a 
hybrid representing a middle ground between the 
horizontal flight advantages (velocity, efficiency and 
range) of fixed-wing aircraft and the vertical take-off 
and landing capability of helicopter designs. Its key 
features are the large, coaxial central propellers and the 
large wingspan with a solar cell-covered surface.  
The main constraint on propeller and body size, 
shown in Fig. 8, is the size of the aeroshell that would 
carry the aerobot to Mars and then down to the surface.  
The diameter of the largest aeroshell ever sent to 
Mars is 4.5 m, and even with this size aeroshell, the 
wings will need to be folded twice to fit inside (Fig.9).  
It is envisaged that upon landing, the four strut-like 
undercarriage legs would deploy out of the underwing 
surfaces to lift up the aerobot, and then the wings would 
unfold at the hinge positions shown. The two tilt rotors 
would also need to deploy from a retracted position. 
Details of these deployments are yet to be finalised. 
 
 
Fig. 9: Hyperion II Aerobot Folded into a 4.5m 
Diameter Aeroshell. 
 
2.3 Centre of Mass (CoM) Location 
One of the critical parameters for the stability and 
control of this hybrid vehicle is the position of the 
centre of mass (CoM). This was problematic for the 
Halcyon design, as the CoM had to be moved into 
different positions during the different flight phases.  
The Hyperion design addressed this problem by the 
adoption of the central tilt rotor, used for both vertical 
lift, and horizontal flight. This vehicle had no need to 
shift the CoM, but its stability was critically dependent 
on the CoM location. Also, the nature of the VTOL 
flight problem meant that the tilt rotor had to be large 
and powerful to provide the bulk of the lift in vertical 
flight mode, resulting in it being inefficient in horizontal 
flight, where a much smaller, less powerful rotor would 
suffice.  
The Hyperion II design addresses both of these 
issues. By placing the CoM just ahead of the coaxial lift 
rotor and within the triangle defined by the “Y”-
configured rotors, the vehicle can be made to be stable 
in all flight regimes – including the transition from 
vertical to horizontal flight. The system is also more 
forgiving of small displacements of the CoM compared 
to the previous designs. The reason for this placement 
can be seen by analysing the forces and moments of the 
vehicle when it is in vertical flight mode and in a stable 
hover.  
For zero pitching moment, the tiltrotor moment and 
the coaxial rotor moment must balance (Equation 4) 
(Fig.10). 
 
 
The CoM location dictates how hard each pair of 
rotors must work, and the location of the CoM can be 
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calculated if the thrust generated by each rotor pair is 
known.  
 
Fig. 10: Forces acting of the Aerobot in Hover 
 
Fig.11 shows how the thrust ratio between the two 
pairs of rotors affects the tip Mach number of the rotors 
by setting the total thrust equal to the aerobot’s weight.  
As the tilt rotors carry more of the thrust load the 
CoM moves forward, but this also increases total power 
consumption for the rotors. A 90% to 10% coaxial rotor 
thrust to tiltrotor thrust was decided upon, balancing the 
tip Mach number limit and the total power consumption. 
This placed the aerobot’s CoM at 1490.9mm from the 
nose of the aircraft. 
 
 
Fig. 11: Hyperion II Aerobot Folded into a 4.5m 
Diameter Aeroshell. 
2.4 Wing/Body Planform Design 
The Y4TR is a blended-wing/body, meaning that 
there is no distinct separation between the wings and the 
fuselage body, instead the wings seamlessly transition 
into the centre body of the aerobot, thus, the body shape 
and wings will all be airfoils. 
While the aerobot does not have a traditional 
fuselage, it does have a much thicker centre portion 
which covers the coaxial rotors. 
The aerobot has many parameters that can be 
adjusted during the design of the wing/body, all of 
which influence its performance while flying. These 
parameters include the front profile, back profile, chord 
lengths, wing sweep, wing twist, wing dihedral, centre 
body thickness, and the presence of absence of winglets.  
A MATLAB® program was developed, using these 
parameters as inputs, to generate cross sectional airfoils 
of the aerobot. The thickness of the centre body airfoils 
was dictated by the separation between the top and 
bottom coaxial rotors and the volume in which the 
rotors rotate. Each body airfoil was individually 
designed based on its chord length and required centre 
height at the span location. The maximum cord 
thickness for each body airfoil was set to 30% cord 
length, similar to the ’Zagi 10’ airfoil, which is a 
popular choice for flying wings. The centre body 
airfoils were then blended to the ’Zagi 10’ airfoil on the 
wings using spline curves, resulting in an outer surface 
model of the aerobot as shown in Fig. 12. 
Each of the aerobot’s individual airfoil cross 
sections was then input into XFLR5 [17] and analyzed 
using the XFOIL algorithms [18] at different angles of 
attack (AoA) and Reynolds numbers, encompassing the 
horizontal flight regime.  
 
Fig. 12: Hyperion II Aerobot Blended Wing/Body 
(MATLAB®) 
The XFLR5 output (Fig. 13) showed high pressure 
values on the leading edge of the aerobot’s centre body 
due to the thick airfoils required, resulting in high drag.  
 
Fig. 13: Hyperion II Aerobot Pressure Distribution at 
=4o (XFLR5) 
Thus, whilst the centre body does contribute slightly 
to the aerobot’s lift, it mainly causes unwanted drag, 
with the wings producing a vast majority of the 
aerobot’s lift in horizontal flight. Therefore, particular 
focus was made on optimising the body shape to 
minimise drag. After many iterations, varying the front 
and back profiles, cord lengths, wing sweep, wing twist, 
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wing dihedral, centre body thick-ness, and adding 
winglets, the design parameters were modified until a 
satisfactory design of the aerobot was found. The final 
body shape is a low aspect ratio flying wing with a thick 
centre body blended into the wings. The centre body 
airfoils are slightly reflexed to help with longitudinal 
stability. The wings are initially twisted up to match the 
thickness of the centre body increasing the relative 
angle of attack, and then twisted down to improve the 
longitudinal stability of the aerobot. 
 
2.5 Propulsion and Rotor Design 
The aerobot’s rotors must produce enough thrust to 
lift the aerobot off of the Martian surface whilst 
minimizing the rotor tip Mach numbers. The size of the 
coaxial rotors also drives the overall size of the aerobot 
as shown in Section 2.1. A larger diameter for the 
coaxial rotor means a larger body volume and thus a 
thicker aerobot body (more drag). 
Fig. 14 shows the effect of different rotor sizes and 
thrust ratios between the tilt-rotor and coaxial rotor pairs 
for a 25kg aerobot. 
 
Fig. 14: Effect of Rotor Size on Coefficient of Thrust 
It was decided to keep the size and airfoil of the 
rotors the same as for the Halcyon design, (one metre 
diameter with the SD8000 airfoil for the tilt-rotors and 
two metre diameter with the Eppler387 airfoil for the 
coaxial rotors), as these choices were shown to be 
sufficient to generate the required thrust during 
horizontal and vertical flight by Song [7] and Zhao [8]. 
Two open source rotary-wing aerodynamic 
modelling software packages were used to design the 
rotors: First, XROTOR, written by Professor Mark 
Drela, was used for modelling a single rotor. It is 
normally used for the design and analysis of ducted and 
free-tip propellers and windmills [19]. The software has 
many capabilities including design of minimum induced 
loss rotors, twist optimization, and modelling incoming 
slipstream effects from an upstream rotor. Using airfoil 
lift and drag polars and lifting-line theory it calculates 
the induced velocities by numerically solving the 
potential flow field about the propeller including the 
vortex sheet wake.  
The second software package used was CROTOR, 
which is an extension of XROTOR, that automates the 
process of converging counter-rotating rotors for design 
and analysis [20]. The software was used to design and 
analyze the Martian aerobot’s large coaxial counter-
rotating rotors. Fig. 15 shows the resulting designs of 
the Martian aerobot’s coaxial and tilt rotors.  
 
Fig. 15 Hyperion II Rotor Models 
After the rotors were designed, the thrust, power, 
and torque was calculated for the rotors’ operating 
envelope. This included simulations at different rotor 
angular velocities and advance ratios. Fig. 16 shows the 
aerobot’s rotor performance at different angular 
velocities while in hover. 
 
Fig. 16: Rotor Performance                                      
(Note: Aerobot Weight = 93N on Mars) 
3. 6DoF Simulation and Control Strategy 
 
3.1 Flight Control Strategy 
The Martian aerobot will be equipped with several 
effectors to control its rotational and translational 
motion. These will consist of a pair of counter-rotating 
coaxial rotors, a pair of counter-rotating tilting rotors, 
and two elevons – one on each wing. These effectors 
will be used in various combinations during the 
different flight phases. 
During hover and vertical flight, the front tilt-rotors 
are fixed in the vertical position and the aerobot is 
controlled as a multi-rotor. Roll is controlled through 
differential thrust between the left and right tilt-rotors, 
pitch is controlled by varying the coaxial and tilt-rotor 
thrust (speed), and yaw is controlled by the 
aerodynamic torque of the four rotors as seen in Fig. 17.  
The elevons are not used while in this configuration 
since there is insufficient airflow over them to generate 
any substantial moments. 
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Fig. 17: Control Scheme for Hover 
During transition flight the front tilt-rotors are free 
to rotate and all effectors are considered active. Roll is 
controlled through differential thrust between the left 
and right tilt-rotors and differential deflection of the 
elevons. Pitch is controlled by varying the coaxial and 
tilt-rotor thrust, tilting the front tilt-rotors, and 
symmetric deflection of the elevons. Yaw is controlled 
by the aerodynamic torque of the four rotors, 
differential thrust between the left and right tilt-rotors, 
and differential deflection of the elevons. There is a 
considerable amount of coupling between the control 
effectors when the aerobot is operating in this 
configuration as seen in Fig. 18.  
 
Fig. 18: Control Scheme for Transition 
During horizontal flight the front tilt-rotors are again 
fixed, but in the horizontal position and the aerobot is 
controlled as a flying wing. The coaxial rotors are not 
used while in this configuration. Roll is controlled 
through differential deflection of the elevons, pitch is 
controlled by symmetric deflection of the elevons, and 
yaw is controlled through differential thrust between the 
left and right tilt-rotors and differential deflection of the 
elevons as seen in Fig. 19.  
 
Fig. 19: Control Scheme for Horizontal Flight 
 
3.2 Sensors and Communications 
The Martian aerobot must be equipped with a flight 
control sensor suite to feedback system states to control 
the vehicle. A sensor suite, similar to that used on 
terrestrial UAVs, will be mounted on the Martian 
aerobot and will include sensors capable of measuring, 
the aerobot’s altitude, airspeed, orientation, inertial 
position, and inertial velocity. Mars does not currently 
have a global navigation satellite system (GNSS), so the 
aerobot will require other sensors to measure inertial 
position and velocity. Magnetometers cannot be used as 
Mars does not have a planetary magnetic field. An 
Inertial Measurement Unit (IMU) equipped with 3-axis 
accelerometers and 3-axis gyroscopes can be used to 
calculate the aerobot’s position, velocity, and attitude.  
The IMU measurements must be augmented with 
other sensors to account for integration drift. An 
altimeter and lidar sensors can be used to correct for this 
issue on the z-axis, while other optical sensors using 
visual servoing techniques can be used for the 
remaining axes. Gyroscopic drift will have to be 
accounted for as well.  
While many of the these sensors and measurement 
techniques have been developed and tested on Earth 
based systems, they still need to be verified in the more 
difficult Martian flight environment, i.e. without GNSS 
information, magnetometers, or pilot control. 
The aerobot will require detailed maps of Isidis 
Planitia to successfully navigate and land in the region. 
It must also be able to discern safe landing zones in near 
real time to avoid potential damage to the aerobot.  
The communication between the Martian aerobot 
and Earth is a critical problem, as it must be able to send 
scientific mission data and system status and receive 
commands (although flight, take-off and landing will be 
autonomous). An aerobot has never flown on Mars, thus 
other vehicles must be used as references when 
designing the communication system. We envisage a 
relay satellite orbiting Mars would be used for 
bidirectional communication between the aerobot and 
Earth. 
 
3.3 6DoF Model and Simulations 
To create a representative model of the aerobot’s 
performance, its equations of motion were derived for 
all phases of the aerobot’s flight; i.e. during vertical, 
transition, and horizontal flight. The standard force, 
moment, and kinematic equations in the body frame, 
were used as a starting point to model the aerobot’s 
motion with six degrees of freedom (6DoF). 
The thrust forces depend on the tilt angle, Tilt, of the 
tiltrotors and the thrust produced by the four rotors, 
while the thrust moments depend on the tilt angle as 
well as the thrust and torque produced by the four rotors.  
The aerodynamic forces and moments are linearized 
with a first order Taylor series about a trim condition. 
The forces and moments generated by a small 
perturbation from the trim condition can be calculated 
by multiplying the dimensional stability and control 
derivatives by the small perturbation. XFLR5 outputs 
the non-dimensional stability and control derivatives in 
the stability frame. These are translated into 
dimensional stability and control derivatives, and finally 
the aerodynamic forces in the body frame can be 
calculated.  
The 6DoF model can simulate all stages of flight, 
with different settings of thrust, Tilt, elevon angle and 
coaxial cover configuration.  
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Trim flight conditions were found for hover and 
horizontal flight at 50ms
-1
 (the aerobot’s design speed) 
and run in the simulation. Tables 2 and 3 show the rotor 
trim conditions for the two simulations. 
Table 2: Rotor Hover Trim Conditions 
 
Table 3: Rotor Horizontal Flight (50ms
-1
) Trim 
Conditions 
 
The 6DoF model was used to develop a control 
system, help model the aerobot’s unique power and 
thermal requirements, and give a general understanding 
of the Martian aerobot’s flight behaviour. 
 
3.4 The SDRE Controller Development 
Hyperion II is a complex vehicle, and is over-
actuated, in terms of having multiple ways it can 
produce a particular control input. Thus, in the 
controller, a weighted least squares (WLS) method is 
used for allocation of control effectors. 
Successfully transitioning a tilt-rotor aircraft 
between the vertical and horizontal phases of flight is a 
difficult control problem due to the inherent 
nonlinearities, and this is currently a rich area of 
research. A successful transition flight control system 
must be able to account for the ever changing 
configuration of the vehicle and aerodynamic 
environment.  
After extensive research and review of the literature 
on control system methodologies used in tilt-rotor and 
tilt-wing control systems, a non-linear State-Dependent 
Riccati Equation (SDRE) method was selected, and a 
series of flight simulations was performed, examining 
take-off and transition, horizontal flight, rotor-cover 
actuation, wind and gust response, etc.  
The SDRE method was shown to be a viable method 
to control the Martian aerobot during each of the phases 
of flight, but it may not be the best solution for all cases.  
SDRE control has a higher computational cost than 
modern linear control methods such as proportional–
integral–derivative (PID), Linear Quadratic Regulator 
(LQR) and H∞, and it is more challenging to tune the 
controller to the desired performance compared to the 
linear methods. The SDRE control method is most 
appropriate for use during the highly nonlinear takeoff 
and landing phases of flight, when both the aerobot’s 
configuration and flight regime are changing. We found 
the SDRE control method to be robust and well suited to 
this flight phase because it was able to capture the 
nonlinearities of the problem.  
When the aerobot is operating in the hover and 
horizontal flight phases a simpler linear control method 
could be used, as there is a rich history of successfully 
using linear control with multi-rotors and airplanes. 
The developed SDRE controller used full state 
feedback control, where sensor and actuator noise was 
assumed to be zero. In reality sensors and actuators are 
not perfect systems and there will be some level of noise 
and uncertainty in any measurements. The aerobot will 
therefore require a state observer (such as a Kalman 
filter) to convert the raw sensor measurements into 
estimates of the states needed for the SDRE controller. 
 
3.5 Flying Test-Bed 
To take the research further, flight simulation using 
a physical model would be the next logical step. To this 
end, SSC has developed a “flying bedstead” scale model 
(Fig. 20) as a student project. This was developed to be 
a test-bed to verify the basic flight control principles of 
the Y4TR configuration at ~ 1/6
th
 scale.  
A series of tethered flights have recently been 
undertaken, using a simple PID controller (Fig. 21), and 
further work is planned. 
 
Fig. 19: Hyperion II “Flying Bedstead” Model 
 
Fig. 20: Hyperion II “Flying Bedstead” in Automatic 
PID Controlled (Tethered) Flight 
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4. Conclusions 
This paper has presented an overview of the all-
electric autonomous Martian VTOL aerobot work being 
carried out at the Surrey Space Centre. In the latest 
design (Hyperion II), a novel “Y4” tilt-rotor flying wing 
Martian aerobot with a nonlinear SDRE control system 
has been proposed to explore both the surface of Mars 
and its atmosphere. The Martian aerobot’s novel design 
is a combination of two previous SSC Martian aerobot 
designs, and is a step forward for planetary aerobots. 
The aerobot will fly as a Y4 multi-rotor during vertical 
flight and as a conventional flying wing during 
horizontal flight. The more robust Y4TR configuration 
utilizes two large fixed coaxial counter rotating rotors 
and two small tilt-rotors for vertical takeoff. The front 
tilt-rotors rotate during transition flight into the main 
horizontal flight configuration. Analysis has shown tha,t 
with a mass budget of 25kg, the aerobot can be realized 
with current technologies. The proposed Y4TR Martian 
aerobot is believed to be a realistic solution to the 
problem of exploring multiple locations on the Martian 
surface with an autonomous aerial vehicle. 
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